We investigated post-seismic velocity changes within the fault zone of the 2008 M7.9 Wenchuan earthquake using coda wave data of repeating small earthquakes. We employed template matching and grid search methods to identify well-defined repeating earthquakes in order to minimize artefacts induced by variations in source location. We identified a total of 12 isolated patches in the fault zone that ruptured more than twice in a 1 yr period after the M7.9 earthquake. We applied the coda wave interferometry technique to the waveform data of the 34 identified repeating earthquakes to estimate velocity changes between the first and subsequent events in each cluster. We found that major post-seismic velocity changes occurred in the southwestern part of the rupture area, where the main rupture was initiated and characterized by thrust motion, while the Beichuan area in the northeastern part of the rupture zone appears to experience very little post-seismic velocity changes.
I N T RO D U C T I O N
The 2008 May 12, M w 7.9 Wenchuan Earthquake, occurred along the Longmen Shan fault zone at the eastern margin of the Tibetan Plateau, was one of the most devastating intraplate earthquakes in this century. The low seismic activity and deformation rate estimated from GPS and geological data have led to an assessment of moderate seismic hazard for this region before the Wenchuan earthquake (e.g. Xu et al. 2009 ). Li et al. (2011) analysed repeating earthquake data before the Wenchuan earthquake and found that the deformation rates at seismogenic depths are much larger than the surface measurements, which may explain the odds about the occurrence of this unanticipated earthquake. Field geological investigations identified a 240 km long surface rupture zone along the Beichuan fault characterized by right-lateral oblique faulting (Beichuan rupture zone, thick red line in Fig. 1) , and a 72 km long surface rupture zone along the Pengguan fault featured by dip-slip reverse faulting (Xiaoyudong rupture zone, thick blue line; ). The two rupture zones actually overlap, which are also illustrated by numerous aftershocks events (Fig. 1) .
The physical processes associated with occurrence of earthquakes, such as coseismic stress changes, fluid migration, and the formation of damage zone at shallow depths, are likely to cause changes of rock properties within and around the rupture zones (e.g. Chen et al. 2010; Obermann et al. 2014) . Both coseismic velocity drop and post-seismic velocity recovery were observed from continuous seismic noise data recorded by the Sichuan Regional Seismic Network (Cheng et al. 2010) , the Western Sichuan Seismic Array Froment et al. 2013; Obermann et al. 2014) , and the Zipingpu Reservoir Seismic Network (ZRSN; Liu et al. 2014) . By comparing velocity changes observed in different frequency bands, these authors were able to confirm changes related to permanent damage in the shallow crust , postseismic deformation in the middle crust (Froment et al. 2013) , as well as structural changes near the rupture areas of the Wenchuan main shock (Obermann et al. 2014) . While continuous records of ambient noise data provide a great way for monitoring velocity changes, the technique, however, requires a great number of temporal stacking to obtain robust Greens' functions, which is challenging for high temporal resolution monitoring of subsurface velocity changes.
Repeating earthquakes are ruptures over the same fault patch with the same focal mechanism but different occurring time (e.g. Nadeau et al. 1995) . Repeating events produce nearly identical seismograms when recorded at the same station, so that temporal changes in the medium can be more easily isolated from changes in the source (Poupinet et al. 1984; Niu et al. 2003; Schaff & Beroza 2004; Rubinstein & Beroza 2004a ,b, 2005 Peng & Ben-Zion 2006; Rubinstein et al. 2007; Taira et al. 2008; Chao & Peng 2009; Cociani et al. 2010; Chen et al. 2011; Long & Wen 2012; Schaff & Kim 2012; Yu et al. 2013) . A great number of aftershocks occurred after the M7.9 Wenchuan earthquake, and many of them showed very similar waveforms. In this paper we first searched for repeating aftershocks using a waveform matching technique from both event and continuous data. We found a total of 34 repeating events that occurred at 12 isolated source patches over a one-year period after the main shock, which allows us to examine the temporal evolution of the post-seismic healing process occurring inside the rupture zones of the Wenchuan earthquake. We then estimated the subsurface velocity changes by applying the coda wave interferometry (CWI) technique (Snieder 2006) to the repeating earthquake data, and found a significant velocity increase within the rupture zone in the studied one-year period.
SEISMIC DATA
We found a total of 52 889 aftershocks from the joint catalogue of the Sichuan Regional Seismic Network (SRSN) and the Zipingpu Reservoir Seismic Network (ZRSN) with a Richter magnitude between 0.1 and 6.4, which occurred over a one-year period after the earthquake. Among all the events, there are 57 aftershocks with M ≥ 5.0 during this period (blue stars in Fig. 1 ). The SRSN consists of 52 broad-band stations equipped with a Guralp CMG-3ESP sensor and a Gangzhen EDAS-24IP data acquisition system. The ZRSN comprises seven closely located stations with a short-period 
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Detecting repeating earthquakes
In order to search for repeating events, we first created an event waveform dataset from continuous records according to the joint catalogue. We then filtered the raw waveform data with a 1-10 Hz bandpass filter, and further interpolated the data to a sampling interval of 0.3125 ms. As described below, we use the relative S-P traveltimes to determine the relative location with respect to the centroid of the cluster. Therefore the accuracy in the relative location is determined by the uncertainty in traveltime measurements, which is principle constrained by signal-to-noise ratio (SNR) of the waveform data (Cheng et al. 2007; Li et al. 2011) . Based on the average Seismic healing of the Wenchuan fault zone 1239 SNR, we estimated the traveltime picking error is around ∼0.3 ms, which was selected as the sampling interval for the interpolation. After the pre-processing, we started the search for repeating events using a two-step cross-correlation (CC) method for better computational efficiency. The first step is to find out earthquakes that have similar waveforms, but not necessarily the same rupture areas. We selected the vertical channel of the waveform data recorded at the SRSN stations YZP and ZJG for computing the CC with a time window 1 s before the P and 5 s after the S arrival. We defined similar events as a group of earthquakes with a computed CC greater than 0.9 at one or more stations. After scanning the entire event waveform dataset, we obtained 2353 pairs of similar events, which were further grouped into 316 multiplets and 946 doublets. We further confirmed this selection using waveform data recorded at two other stations (BAY and LYS from ZRSN). The four stations used here are among those with the best recording quality. The CC computed with the whole P and S wave window (hereafter referred to as whole-window CC) could be dominated by the main P and S arrivals, and it has been known that similar aftershocks with rupture area displaced from each other can generate very similar P and S waveforms (Cheng et al. 2007) . The coda waves of displaced similar events can be quite different due to the slightly difference in ray path in the source region. Therefore we further computed the CCs of the P and S coda (coda CCS) with a 0.5 s long running time window, and used them in the final selection of repeating earthquakes. This is done collectively with the relocation process described below. Only 28 events were left with this scrutiny, which are located at 12 different clusters.
Seismic event detection is generally performed by the simple and fast short-term-average/long-term-average (STA/LTA) criterion using continuous records of a seismic network (e.g. Allen 1978) . It is well known that a particular network can only detect earthquakes above certain magnitude. The completeness magnitude (M c ) is the magnitude above which all events are reported. Seismic events with a magnitude smaller than M c can be easily missed due to the low SNR of the corresponding records. The regular STA/LTA detection becomes even more vulnerable in the case of detecting and locating aftershocks, as many of the aftershocks can occur simultaneously at different parts of the rupture area, which results in complicated recordings due to waveform interference. The complexity requires great scrutiny in signal association (e.g. Schaff 2010) . Therefore many aftershock events might have been missed and excluded in a routine catalogue determined by the STA/LTA detection algorithm.
In order to obtain a complete event catalogue for the identified 12 repeating clusters, we employed a template (pattern) matching technique to scan the continuous records of SRSN stations, YZP and ZJG, together with two ZRSN stations, BAY and LYS. We used all the 28 events in the 12 clusters as the templates to search for missing events in each cluster. The template signal window is usually a few to tens of seconds long and contains both the main P and S arrivals. When the CC computed from a certain time window reaches to a critical value (0.9) at the three stations in the southwestern segment (YZP, BAY and LYS) and one station (ZJG) in the northeastern segment, we consider it as detection of one repeating event. We were able to detect all the 28 known events from this template matching technique. In addition, we found additional six events, which were not listed in the joint event catalogue. We further estimated their Richter magnitude using corrections of the instrument response and attenuation structure given by the SRSN.
In order to further confirm whether the 34 earthquakes in the 12 clusters share rupture areas, that is, repeating events, we used S-P differential traveltime to estimate their relative locations. For each cluster, we first collected all the seismograms recorded at each station, and aligned them along the P arrivals using a CC method. We further normalized the P waveforms and averaged them to generate a reference P wavelet. We repeated the same procedure for S arrival to generate a reference S wavelet. We further computed the S-P differential traveltime from these two reference wavelets, which can be considered as the S-P differential traveltime from a virtual earthquake occurring at the centroid of the cluster. Here we refer it to as the reference S-P time. Next, we cross-correlated each P and S waves with these two template wavelets to obtain the relative S-P differential traveltimes with respect to the reference S-P time. We then used these relative differential traveltimes to constrain the relative location with respect to the centroid for each earthquake in a cluster. Compared to the individual traces, the stacked P and S waveforms possess higher SNR, leading to more accurate measurements of S-P differential traveltimes.
We applied the fine relocation method (Got et al. 1994; Cheng et al. 2007 ) to obtain the relative locations between each event and the sequence centroid. We further used a 3-D grid searching method (Cheng et al. 2007 ) to estimate the uncertainties in the relative locations. For each grid, we computed the RMS residual S-P time. By comparing the RMS residual times with the uncertainties in the S-P traveltime measurements (∼0.3 ms), we can obtain the error ellipse along the fault plane. We further assumed a circular rupture area for each earthquake and computed the rupture radius from its magnitude under a given stress drop of 5 MPa (Li et al. 2011) . Fig. 2 shows the distribution of the relocated events in all the sequences, which suggests that all the events in each sequence are literally colocated. In Fig. 2 , the horizontal and vertical lines represent the two axes of the error ellipses, and the shaded circles are the reference ones, which are calculated from the average magnitudes of each sequence.
Measuring temporal velocity changes using CWI
Following Niu et al. (2003) , we first aligned the bandpass filtered (1-10 Hz) seismograms at each station recorded from each repeating sequence to the P arrival by using the CC technique. We then computed the running CCs between the first seismogram and each subsequent seismogram within a 0.5 s moving time window. At each time window starting at t, we obtained the lag time τ (t) when the CC reaches its maximum, C m (t). The decorrelation index D(t) is defined as 1 − C m (t).The lag time function τ (t) can be considered as the mean traveltime perturbation of the lag times, τ i , associated with the arrivals of individual scatterers in the time window starting at t, while D(t) can be linked to the variance of the travel time perturbations, σ τ 2 (t), by the equation (Snieder 2006) , where ω is the characteristic angular frequency of the scattered waves.
Eight examples of the time lag τ and decorrelation index D(t) measured at SRSN stations, YZP, ZJG, AXI, CD2, and one ZRSN station, ZDZ, are shown in Fig. 3 ; both are plotted as a function of the elapse time, t. The measured time delays usually show some linear trend after the S arrivals, and the decorrelation index is generally of low amplitude across most of the S-coda window. Both the lag time and decorrelation functions show large spikes. Spikes on the lag and decorrelation functions are likely caused by perturbations in the scatterer location or by a velocity changes around the scatterers (Niu et al. 2003) . Using the lag times of a spike recorded by the dense HRSN array, Niu et al. (2003) were able to locate a 'moving' scatterer within the San Andreas fault zone at a depth of ∼3 km, which was interpreted to be the result of stress-induced redistribution of fluids in fluid-filled fractures. Here the station coverage is, however, not dense enough for performing migration to locate the corresponding scatterers of the spikes. Therefore we decided to focus on bulk velocity changes in this study.
It has been shown that when and only when there is a change in the background velocity field, τ and t exhibit a linear relationship (e.g. Niu et al. 2003) . The fractional change of the background velocity, δv/v, equals to the negative slope of the linear trend, −τ /t (Fig. 3) . In order to estimate the linear trend in a time lag function, we employed the linear regression method (Press et al. 1992 ) that minimizes the chi-square merit function, which is χ
2 , where b and a are the slope and intercept, respectively. σ (t) is the uncertainty at time t, and is determined by its SNR. In the linear regression, we only used the lag time with a corresponding decorrelation index being less than 0.3.
R E S U LT S A N D D I S C U S S I O N
Spatial and temporal distribution of the repeating earthquakes
As mentioned in the previous section, we employed a strict scrutiny in identifying repeating earthquakes, which led to the detection of 34 repeating earthquakes spreading over 12 different clusters (Table 1 ). In Fig. 4 , we plotted the time evolution of the 12 repeating sequences, in which, the grey symbols indicate the 6 additional events detected from continuous records. The size of the symbols is proportional to earthquake magnitude, which varies from 1.0 to 3.4. Each sequence contains 2-5 events occurring from 2008 May 14 through 2009 April 7. It appears that the repeating events occurring immediately after the main shock have shorter recurrence intervals and larger magnitude variations.
Among the 12 clusters, 8 are located in the initial rupture zone of the 2008 Wenchuan earthquake in the southwest, and 4 are found in the northeastern section of the rupture zone (Fig. 5) . They occurred in a depth range from 2.7 to 13.4 km (Fig. 5 inset) . For each cluster we determined its centroid by using the P-and S-wave traveltimes of the containing earthquakes with a revised double difference relocation technique (Li et al. 2011) . Since there is a large velocity contrast between the Sichuan basin and the Tibetan plateau located in the eastern and western sides of the Longmen Shan fault zone, we used two different 1-D velocity models when we applied the HYPODD package (Waldhauser & Ellsworth 2000) in the centroid relocation. We also relocated the 4 aftershocks shown in Fig. 5 using the Hypo2000 method (Klein 2002) . Based on the their 3-D location, we inferred that the S06 and S04 clusters could have occurred on the Wenchuan-Maoxian fault, where no surface rupture was observed during the main shock ).
Velocity changes and fault-zone healing across the rupture area
We used the first event as the reference for computing the lag time, which left 22 measurements of the velocity changes. Details on the measured velocity changes are listed in Table 2 . Fig. 6(a) shows the observed bulk velocity changes from all the 12 clusters, and Fig. 7 shows the changes observed by each cluster. In both case, the measured velocity changes are shown at the occurrence time of the subsequent events. The geographic location of the stations used in plotting Figs 6(a) and 7 are shown in both Fig. 1 . These stations are taken from all the three networks. In Fig. 6(a) , it appears that measurements from two clusters, S02 and S05, are featured by large uncertainties at each station, significant variations among stations, and strong perturbations among subsequent events. The large uncertainties may be related to the large variations in event size of these two clusters, which can reduce the overall waveform similarity of the clusters, leading to large measurement errors.
Overall, velocity changes estimated from the eight clusters (S01-S08) located in the initial rupture area of the Wenchuan earthquake in the southwest are significant, while those observed from the four northeastern sequences (S09-S11) are almost negligible (Fig. 8) . Among the 12 clusters, the doublet S06 and the quasi-periodic multiplet S07 possess the longest sequence duration of 259 and 310 d, respectively (Tables 1 and 2 , Figs 7f and g ).Velocity changes estimated from these two clusters are consistent across all the stations, and exhibit a stable increase of ∼0.1 per cent, which implies that the most velocity recovery is achieved shortly after the main shock. In contrast, velocity changes estimated from the northeastern four sequences are in the range between 0.019 ± 0.011 per cent and 0.056 ± 0.026 per cent (Table 2, Figs 7 and 8), which are roughly an order of magnitude smaller than those observed in the southwest (Fig. 5) . This suggests that no significant post-seismic velocity change occurred around the northern section of the Beichuan fault, although a maximum coseismic slip of 6.5 ± 0.5 m was observed in the area ).
The distinct contrast in medium velocity change observed between the southwestern and northeastern sections of the rupture zone may suggest that the two sections are undergoing different healing processes, or they had different medium damage during the main rupture. Many studies (e.g. Ji et al. 2008; Hao et al. 2009; Shen et al. 2009; Xu et al. 2009; Zhang et al. 2009; 2010) suggested that the 2008 Wenchuan earthquake involved complicated and multiple ruptures, changing from thrusting dominated in the southwest to a right lateral strike slip motion in the northeast. We speculate that the observed contrast in velocity change here might be partly related to this rupture difference. The thrust rupture in the southwest might produce a wide damage zone, involving all the major faults in the Longmen Shan range front, including the Wenchuan-Maoxian fault, the Beichuan fault, and the Pengguan fault ). On the other hand, the strike-slip rupture in the northeast is likely to have occurred only along the Beichuan fault, resulting in a damage zone less wide than the one in the southwest ). One argument for this is that the aftershock seismicity appears to be more widely distributed in the southwest than it is in the northeast (Fig. 1) . As mentioned in the previous section, a localized velocity change is manifested by a spike, not a linear trend, in the computed lag time function, τ (t), and thereby results in a negligible δv/v. In addition to the S06 and S07 clusters in the southwest, four other sequences (S01, S03, S04 and S08) also exhibit a systematical increase of the background velocity at all the stations. The average velocity increase from the above 6 sequences ranges between 0.1 per cent and 0.3 per cent, suggesting that fault healing has been continuously happening within the southwestern section of the rupture zone of the M7.9 earthquake at the post-seismic stage. Measurements from two other clusters in the southwest, S02 and S05, however, showed some fluctuation about this post-seismic healing. For the S02 cluster that consists of three events, three stations located in the thrust front, YZP, BAY and LYS, show a slightly positive linear trend in the lag time function τ (t) (red line in Fig. 3i ), indicative of a velocity drop between the first and second events, which occurred on 2008 June 19 and 2008 August 20, respectively (Figs 6b and 7b) . The velocity drop measured at the three stations varies from 0.077 ± 0.046 per cent to 0.116 ± 0.024 per cent ( Table 2 ). The CD2 station located inside the Sichuan basin, however, showed an increase of 0.1 per cent over the same period (Figs 3u, 6b and 7b) . We checked the aftershock seismicity in the source region and found two large aftershocks; one M4.7 and another M5.1 occurred near the S02 cluster on 2008 July 24 and 2008 August 14, respectively. The M5.1 aftershock occurred within the thrust front at a depth slightly shallower than the S02 cluster (Fig. 5) . It is only ∼25 km away from the S02 cluster (Fig. 5) , so close that it could cause significant damage to the front of Longmen Shan range. The damage could have resulted in a velocity decrease within the wedge beneath the front, which was recorded by the stations above (BAY and LYS) and nearby (YZP). On the other hand, it probably has very limited effect on the crust beneath the Sichuan basin located in the other side of the Longmen Shan fault system, and thereby was not shown at the CD2 station (Fig. 5) . The M5.1 aftershock might have also affected the repeating earthquakes within the S02 sequence, which has the largest degree of variability in magnitude (M1.1-M3.4). We noticed that the sequence had a sudden increase of magnitude shortly after the M5.1 aftershock, followed by a magnitude drop of the subsequent event (Figs 4, 5, 6b and 7b) .
From the S05 cluster, we also observed a velocity drop of 0.102 per cent at the YZP station between the first and second events occurring on 2008 May 17 and 18, respectively (Figs 3l, 6c and 7e). There is an M6.1 aftershock occurring in this period, but is expected to have a limited effect on the S05 source region as it is located in the northeastern section of the Beichuan fault, and is more than 200 km away from the S05 cluster (Fig. 5) . On the other hand, there is a M 4.5 aftershock occurring only a few kilometres away from the S05 cluster on 2008 May 18 (Fig. 5) , which should have an impact on the medium in the S05 source region, as well as the occurrence of repeating events in the cluster, including both size and recurrence interval. It is, however, unclear to us why the two ZRSN stations, BAY and ZDZ, showed a negative linear trend in the lag time plot (Fig. 3x) , leading to estimates of a velocity increase of 0.026 ± 0.014 per cent and 0.104 ± 0.018 per cent in the same period (Table 2 , Figs 6 and 7e). Strong shaking and large damage occurred around the Zipingpu Reservoir during the M7.9 Wenchuan earthquake, therefore post-seismic healing may still have played a major role even though the M4.5 aftershock could have affected the S05 source region substantially. In contrast, the surface area around the YZP station is less damaged, so velocity changes along the ray path from the cluster to the station are mainly disturbed by the M4.5 aftershock.
As mentioned above, S05 is another sequence with large magnitude variation and irregular short recurrence time. The measured velocity changes from this cluster showed large fluctuations over a 13 d period between 2008 May 17 and 30 (Figs 6a, c and 7e) . The estimated velocity changes between the first and three subsequent events are 0.104 ± 0.018 per cent, 0.294 ± 0.091 per cent, and 0.217 ± 0.020 per cent at the ZRSN station ZDZ, and −0.102 ± 0.021 per cent, 0.172 ± 0.036 per cent and 0.061 ± 0.023 per cent at the SRSN station YZP. It is difficult to explain these large perturbations with the stable healing process. Rather, it must involve multiple processes such as effects from nearby large aftershocks, as well as changes in barometric pressure loading (e.g. Silver et al. 2007; Niu et al. 2008; Chen et al. 2014) . Changes in water level within the Zipingpu Reservoir could also lead to temporal variations of the subsurface stress field, resulting in short-term changes in subsurface velocity.
C O N C L U S I O N S
We employed a template matching method to analyse the event and continuous waveform data recorded by three types of seismic networks in the 2008 Wenchuan earthquake area to identify repeating earthquakes in order to investigate the post-seismic velocity changes within the rupture zone of the main shock. We identified a total 34 repeating earthquakes spreading over 12 separated clusters from the one-year aftershock sequence of the M7.9 earthquake. We further used a grid search technique to determine the relative location of the repeating events in each sequence to ensure their rupture areas overlap each other. We applied the coda wave interferometry technique to the S coda of the repeating earthquakes to estimate velocity changes between the first and subsequent events in each cluster. Our results suggest the following conclusions: (1) There is a significant difference in subsurface velocity change and post-seismic healing between the southwestern and northeastern parts of the rupture zone, which are characterized by thrust and strike slip motion, respectively, during the main rupture. Large velocity increases (∼0.1-0.3 per cent) are observed in the southwest where the main rupture was initiated, while almost no significant velocity change is found in the northeast Beichuan area. (2) The post-seismic velocity healing could be temporally interrupted by at Fondren Library on January 6, 2017 http://gji.oxfordjournals.org/ significant aftershocks, which can cause velocity drops around the source regions of the repeating sequences. (3) Short-term perturbation in velocity changes are also present from one of the cluster data, suggesting that healing of the weakened Longmen Shan thrust front in the Wenchuan area can be easily affected by various processes with different time scales, such as aftershocks, barometric pressure loading, reservoir water level changes, etc.
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